In this study, variable injection-rate technology was numerically investigated in a pre-existing discrete fracture network (DFN) formation, the Tarim Basin in China. A flow-stressdamage (FSD) coupling model has been used in an initial attempt towards how reservoir response to variable injection-rates at different hydraulic fracturing stages. The established numerical model simultaneously considered the macroscopic and microscopic heterogeneity characteristics. Eight numerical cases were studied. Four cases were used to study the variable injection-rate technology, and the other four cases were applied for a constant injection-rate in order to compare with the variable injection-rate technology. The simulation results show that the variable injection-rate technology is a potentially good method to a form complex fracturing networks. The hydraulic fracturing effectiveness when increasing the injection-rate at each stage is the best, also, the total injected fluid is at a minimum. At the initial stage, many under-fracturing points appear around the wellbore with a relatively low injection-rate; the sudden increase of injection rate drives the dynamic propagation of hydraulic fractures along many branching fracturing points. However, the case with decreasing injection rate is the worst. By comparing with constant injection-rate cases, the hydraulic fracturing effectiveness with variable flow rate technology is generally better than those with constant injection-rate technology. This work strongly links the production technology and hydraulic fracturing effectiveness evaluation and aids in the understanding and optimization of hydraulic fracturing simulations in naturally fractured reservoirs.
Introduction
The combination of horizontal drilling and massive multi-stage hydraulic fracturing (MMHF) technology has made possible the current flourishing gas production from shale gas formations in the USA, as well as the fast increasing global investment in shale gas exploration and development. In shale fracturing, micro-seismic observations have illustrated that extreme fracture complexity may result from the interaction between created hydraulic fractures and the pre-existing fracture network. Consequently, operators could change the stimulation design by changing the injection rate, viscosity, or other parameters, in order to improve the effectiveness of the stimulation in shale gas plays. A large stimulated interaction volume between natural fractures and hydraulic fractures plays a major role in economic shale gas production. In the successful economic gas production, it is crucial to maximize the total stimulated reservoir volume (SRV). Despite the recent success in shale gas development, the cost of hydraulic fracturing treatment remains very high. Therefore, optimization of hydraulic fracture treatment design is clearly desirable. The interaction between natural fractures and hydraulic fractures (e.g., arresting, crossing, offsetting, etc.) is controlled by the injection rate to a large extent (e.g., [1] [2] [3] [4] [5] ). Among the many factors that affect the hydraulic fracturing response, the fracturing injection rate is the first critical element to consider [1, 6] . The injection rate and injection pressure along with viscosity of the fluid are the operational parameters that can be used to effectively design hydraulic fracturing. Conventional gel fracturing and acidizing operations carried out in the field previously failed to yield the expected productivity in some gas shale formations [1, 7, 8] . Currently, the general mechanism leading to the success of water fracturing in shale gas reservoirs is that a complex fracture network is created by stimulation of pre-existing natural fractures. During the hydraulic fracturing treatment operation, the injection rate of the fracturing pump is a controllability index. Therefore, this paper focuses on the study of variable injection-rate technology on hydraulic fracturing. The aim of this study is to investigate which fluid injection during hydraulic fracturing can result in a complex fracture network.
Many scholars and field engineers have observed and studied the influence of fluid injection rate on hydraulic fracturing. In these studies, the injection rate during hydraulic fracturing is usually kept constant. Beugelsdijk et al. [9] have conducted an experimental study of the influence of injection rate on the hydraulic fracture geometry based on the analysis of different injection rates. The experiments showed that with low injection rate, fluid tends to leak into the pre-existing discontinuities despite the influence of pump pressure and once the injected fluid leaks into the natural fractures; the pressure is much larger than the confining pressure, without inducing new fractures. With large injection rate, the hydraulic fractures tend to cross natural fractures because of an increase of the pump pressure. Gil et al. [10] and Nagel et al. [11] have studied the influence of injection rate on tensile failure in the rock with natural fractures. The results showed that an increase in injection rate greatly increased the amount of tensile failure within the model potentially resulting in creation of more fractures; while at relative low pump rate, the shear failure is easy to form, and leading to the appearance of shear natural fractures. Kresse et al. [12] have developed the unconventional fracture model (UFM) approach and discussed the influence of injection rate on the generated hydraulic fracture footprint in formations with pre-existing natural fractures via numerical simulation. Results showed that the variation in injection rate can varies the fracture footprint because of a change in pump pressure, width, and therefore local stress and crossing behavior, the injection rate mostly affects the opening of the intersected natural fractures. During field hydraulic fracturing in naturally fractured formations, the preferential opening of the natural fracture systems have been described by Overbey et al. [13] , Yost et al. [14, 15] , Nearing et al. [16] and Gale et al. [7, 17] . These authors observed that increasing the injection rate in small steps would often preferentially open the natural fracture system, while higher rates would form more planar hydraulic fractures through the shale. Most operators have found that where effective fracturing barriers are present, fracturing rates should be high to accomplish maximum complex fracturing. Although low injection rates (15-20 bpm) in shales have been successful in opening natural fractures, low injection rates have not been successful in developing lasting gas rates even with large fracturing volumes. Whereas the upper fracturing rate limit may not have been found yet, Warpinski et al. [18] observed that fracturing surface injection rates on the order of 15 bpm or less do not trigger many microseismic signals. Low productivity following low injection rate slick-water fracturing has also been documented in well-to-well comparisons in the Gothic Shale of southwest Colorado [19] . As more and more fissures are opened, injection rate will need to be raised to sustain some level of fracture development. At some point of fracture treatment, the rate available through the perforation cluster will be so dispersed in the fracture network that the velocity is reduced and a screenout may occur at multiple points along the flow path. If this happens in the primary fracture system near the wellbore, the pressure rise will be quick. If multiple small screenouts occur at a few of the growing tips, the pressure rise may be slow and relatively constant, with lateral growth in areas of natural fracture density along the primary fracturing. Some operators found that ramping up the injection rate too quickly in the Barnett shale (in areas without the lower fracturing barrier) could Energies 2016, 9, 414 3 of 18 actually drive the fracture out of the zone in the first minute of pumping [20] , whereas a slow pump up of injection rate could help keep the fracturing in zone. King et al. [21] documented this finding with a set of experiments that showed that a low breakdown rate followed by 5 or 10 bpm increase steps during ramp-up kept many fractures in the zone and increased the complexity in the fracturing. Several fracturing experiments in the Devonian shales in the 1980s documented low injection rate fracturing that tended to open natural fracture pathways while higher rates were more likely create hydraulic fractures [14] . Hydraulic fracturing with a lower injection rate mostly caused the opening of bedding fractures; while with high injection rate, hydraulic fractures tended to cross the natural fracture, come to branch and turning [22] . As summarized above, it can be seen that the fluid injection rate in gas shale formation plays a critical role during hydraulic fracturing. The reasonable designed injecting rate will stimulate the fracture network to a great extent and improve the production. It is generally accepted that larger injection rates during hydraulic fracturing can improve the extended distance of hydraulic fractures, but this decreases the interaction volume between hydraulic fractures and natural fractures. In addition, because of the efficiency of the fracturing pump and the limited amount of fracturing fluid, very large injection rates and fracturing fluid are difficult to obtain during field treatment.
Currently, few reports have been published that explore the effect of the variable injection-rate technology on hydraulic fracturing. In this paper, variable injection-rate technology refers to a change of the injection rate during hydraulic fracturing at different stages; the injection rate is different at each stages. In this work, the hydraulic fracturing model was established to consider the macroscopic characteristic and microscopic heterogeneity characteristics simultaneously for a fractured tight gas reservoir, the Tarim Basin in China. A series of discussions of variable injection-rate technology and how it affects the effectiveness of hydraulic fracturing is presented. The aim of this work is on the numerical investigation of how variable fluid injection-rate technology affects natural fracture shear slippage, the hydraulic fracture (HF) interaction with the discrete fracture network (DFN) and hydraulic fracturing effectiveness using a flow-stress-damage (FSD) coupled model realistic failure process analysis (RFPA)-Flow. We focus on how the variable injection rate influences the interaction between HF and DFN, the effectiveness of hydraulic fracturing, and the microseismicity generation, which are characterized by the indices we defined. Simulation results show that for the cases with different variable injection rate, there are different effects on the HF propagation, DFN shear stimulation, microseismic response and hydraulic fracturing effectiveness. For the always increasing injection-rate case, the hydraulic fracturing effectiveness is the best; for the always decreasing injection-rate case, the hydraulic fracturing effectiveness is the worst. The key to variable injection rate technology is the selection of operative timing and injection-rate range. The alternate variations of injection-rate cases also display different hydraulic fracturing characteristics.
Brief Description of Numerical Model
RFPA-Flow code developed by Tang et al. [23] , is a numerical simulation tool using finite element analysis to handle the progressive failure of heterogeneous, permeable rock. This coupled FSD model in RFPA-Flow has been validated in the previous publications [23] [24] [25] . By extending Biot's theory to include the effects of stress on permeability, the basic formations of the analysis are:
Equilibrium Equation (1):
Strain-displacement Equation (2):
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Seepage Equation (4):
Coupling Equation (5):
where σ is stress; ρ is density; µ is displacement; ε is strain; X is component of body force; α is coefficient of pore water pressure; λ is Lame coefficient; p is pore water pressure; δ is Kronecker constant; G is shear modulus; Q is Biot's constant; k is coefficient of permeability; k 0 is initial coefficient of permeability; β is a coupling parameter that reflects the influence of stress on the coefficient of permeability; and ξ (>1) is a mutation coefficient of permeability to account for the increase in permeability of the material during fracture formation. Equations (1)- (4) are based on Biot's theory of consolidation [26] , and Equation (5) represents the effect of stress on permeability, which is introduced to describe the dependency of permeability on stress and damage, and the relationship between permeability and stress is assumed to follow a negative exponential function. When the stress of the element satisfies a certain strength criterion (such as the Coulomb criterion), the element begins to damage. In the field of elastic damage mechanics, the elastic modulus of the element may degrade gradually as damage progresses, and the elastic modulus of the damaged element is defined as follows:
where D is the damage variable, E and E 0 are elasticity modulus of the damaged and the undamaged material, respectively. When the tensile stress in an element reaches its tensile strength f 1 t , the constitutive relationship illustrated in Figure 1a is adopted. This is:
The damage variable can be described by Tang et al. [23] as:
where f tr is the residual tensile strength of the element, and ε is equivalent principal strain of the element, ε to is the strain at the elastic limit, or threshold strain, and ε tu is the ultimate tensile strain of the element at which the element would be completely damaged, as shown in Figure 1a .
In this case the permeability can be described as:
where ξ (ξ>1) reflects the damage-induced permeability increase, it is the damage factor of permeability [23] . The value of ξ can be obtained from experimental tests [27, 28] . In the model, both tensile and shear failure modes are considered. The element is considered to be failed in the mode of tensile failure, if the element's strength is smaller its minor principle stress, Energies 2016, 9, 414 5 of 18 as described by Equation (6) , and have failed in shear mode when the compressive or shear stress has satisfied the Mohr-Coulumb failure criterion (Figure 1b) given by Tang et al. [23] :
where σ 1 1 is the major effective principal stress, σ 1 3 is the minor effective principal stress, φ 1 is the minor effective angle of friction, f 1 t is the tensile failure strength of the element, and f 1 c is the compressive failure strength of the element. The damage factor under uniaxial compression is described as:
where f 1 cr is the residual compressive strength, ε cu is the ultimate compressive strain of the element at which the element would be completely damaged. In this case, the permeability can be described by:
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where ' 1 σ is the major effective principal stress, ' 3 σ is the minor effective principal stress, '  is the minor effective angle of friction, ' t f is the tensile failure strength of the element, and ' c f is the compressive failure strength of the element. The damage factor under uniaxial compression is described as:
where ' cr f is the residual compressive strength, cu ε is the ultimate compressive strain of the element at which the element would be completely damaged. In this case, the permeability can be described by:
(a) (b) Figure 1 . Elastic-brittle damage constitutive law of element subject to uniaxial stress: (a) the case under uniaxial tensile stress; (b) the case under uniaxial compressive stress.
There are two features distinguishing RFPA-Flow from other numerical approaches:
(1) the RFPA-Flow code can simulate non-linear deformation of a quasi-brittle behavior by introducing heterogeneity of rock properties into the model, with an ideal brittle constitutive law for the local material; (2) by introducing a deterioration of element parameters after its failure, the RFPA code can simulate strain-softening and discontinuous mechanics problems in a continuum mechanics mode. For heterogeneity, the material properties (failure-strength σc and elastic modulus Ec) for elements are randomly distributed throughout the model by following a Weibull distribution: 
where σ is the element strength; σ0 is the mean strength of the elements for the specimen; and φ is a probability density function. For an elastic modulus, E, the same distribution is used. We define m as the homogeneity index of the rock [23] . According to the definition, a larger m implies a more homogeneous material and vice versa. There are two features distinguishing RFPA-Flow from other numerical approaches:
(1) the RFPA-Flow code can simulate non-linear deformation of a quasi-brittle behavior by introducing heterogeneity of rock properties into the model, with an ideal brittle constitutive law for the local material; (2) by introducing a deterioration of element parameters after its failure, the RFPA code can simulate strain-softening and discontinuous mechanics problems in a continuum mechanics mode. For heterogeneity, the material properties (failure-strength σ c and elastic modulus E c ) for elements are randomly distributed throughout the model by following a Weibull distribution:
where σ is the element strength; σ 0 is the mean strength of the elements for the specimen; and ϕ is a probability density function. For an elastic modulus, E, the same distribution is used. We define m as the homogeneity index of the rock [23] . According to the definition, a larger m implies a more homogeneous material and vice versa.
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Numerical Model Setup

Discrete Fracture Network Realization
In this paper, the main target is the Cretaceous tight sandstone occurring at about 5300-6000 m depth in the northwest Tarim Basin. The rock in the reservoir is composed of siltstones and fine interlayered with thin shales. The average reservoir porosity is about 7% and the average permeability is about 0.07 mD. The gross reservoir thickness is about 180-220 m. Gui et al. [8] have studied the geomechanical properties by a comprehensive use of core data, well log and drilling data, etc. Figure 2a is the statistical result of natural fractures developed in the gas play. The natural fractures observed can be assigned into three groups: The first group is the low-angle fractures (dip < 20˝), which could be related to beddings. The second group has intermediate dip angles (25˝-55˝), which are the major fractures seen in this block and strike at an azimuth of 155˝N. The third group consists of fractures with dip angles 35˝-65˝and strikes of 355˝N and 100˝N and dip angles 35˝-65˝and 25˝-35˝, respectively.
Numerical Model Setup
Discrete Fracture Network Realization
In this paper, the main target is the Cretaceous tight sandstone occurring at about 5300-6000 m depth in the northwest Tarim Basin. The rock in the reservoir is composed of siltstones and fine interlayered with thin shales. The average reservoir porosity is about 7% and the average permeability is about 0.07 mD. The gross reservoir thickness is about 180-220 m. Gui et al. [8] have studied the geomechanical properties by a comprehensive use of core data, well log and drilling data, etc. Figure 2a is the statistical result of natural fractures developed in the gas play. The natural fractures observed can be assigned into three groups: The first group is the low-angle fractures (dip < 20°), which could be related to beddings. The second group has intermediate dip angles (25°-55°), which are the major fractures seen in this block and strike at an azimuth of 155 °N. The third group consists of fractures with dip angles 35°-65° and strikes of 355 °N and 100 °N and dip angles 35°-65° and 25°-35°, respectively. Explicit representation of the DFN with realistic characteristics is thus important in the numerical modeling. DFNs are often characterized by several statistical parameters, among them, fracture orientation distribution, fracture spacing distribution, fracture length distribution and fracture persistence of each fracture set, etc. [3, [29] [30] [31] [32] . The combinations of these statistical characteristics that describe the geometrical properties of a DFN defined by the macro-scale connectivity and directional flow preference of the DFN are essential for the fluid transport characterization of an unconventional reservoir. According to the results from core data, well log data and drilling data [8] , we developed the corresponding DFN model to represent the three natural fracture groups.
For this study, a DFN generator was developed that was capable of creating a fracture network that satisfied the assigned input statistical characteristics and allowed for the quantitative variation of the studied case. In this paper, the developed DFN models are called the Beacher Model and the Parallel Deterministic Model, respectively. The detailed descriptions of these two DFN models are found as below:
(1) Beacher DFN model. The Beacher model [33] is a flexible algorithm that can generate complicate joint networks. In this model, the joints are assumed to have finite trace length, which follow some statistical distributions. The centers of the joints are located in space according to a Poisson point process. The orientation of the joints in a Beacher discrete fracture network can either be constant or vary according to an orientation distribution. The number of the joints generated in a Baecher network is controlled by a joint intensity. So as to avoid boundary effects in a specified model region, the Baecher algorithm first increases the region before generating joints. After generating the joints according to the required joint intensity, the algorithm then clips the network with the original bounding region. Joints of the Baecher discrete network fracture generally terminate in intact rock. The main parameters for Baecher DFN model include the joint Orientation, Dip/Dip Direction, Joint Length and Joint Intensity. The Baecher DFN model can be re-generated, using a new sampling of the random variables (e.g., joint orientation, joint length). (2) Parallel Deterministic DFN model. The Parallel Deterministic DFN model allows us to define a network of parallel joints with fixed spacing and orientation. In this case, deterministic indicates that the length, spacing, and persistence of the joints are assumed to be constant (i.e., exactly known with no statistical variation). However, the Parallel Deterministic DFN model does allow randomness of the joint location.
RFPA-Flow Model Setup
According to the DFN generator mentioned above, three DFN groups were generated for the studied case. Figure 2 shows the geometry and the set-up of the simulation model. The orientation of the natural fractures has been converted according to direction of the simulations, the maximum horizontal stress (SHmax). The dimensions of the fractures have been converted by similarity criterion [1, 8] . The model represents a 2D horizontal section of a reservoir with a laboratory scale. In the model, the injection is through a vertical wellbore in the center of the model, the injected fluid was imposed on the wellbore at a constant rate. The whole model is composed of 40,000 (200ˆ200) identical square elements with dimension of 400 mmˆ400 mm. The diameter of the injection hole was 15 mm. As shown in Figure 2c shows the Parallel Deterministic DFN model, which represents the first group natural fractures, and is related to beddings; Figure 2c ,d show the Beacher DFN model, which represented the second and third group natural fractures, respectively. For the first group DFN, the joints were generated by the Beacher distribution, and it had an average inclination of 78˝with normal distribution, and a standard deviation (std) of 5˝. It had a mean length of 60 mm with exponential distribution, relative minimum of 3 mm, and relative maximum of 10 mm. The joint intensity (the number of joint traces per unit area of the trace plane) for the first group was 0.007. For the first group DFN, the joints were generated by the Beacher distribution, and it had an average inclination of´30w ith normal distribution, std, of 5˝. It had a mean length of 45 mm with exponential distribution, relative minimum of 3 mm, and relative maximum of 5 mm. The joint intensity (the number of joint traces per unit area of the trace plane) for the first group was 0.003. For the first group DFN, it had an average inclination of´20˝, the spacing was 50 mm, the length was 200 mm, and persistence (uniform length of intact material between each joint segment.) was 0.9.
The input material mechanical parameters for the numerical model are based on the work by Gui et al. [8] , the main parameters used for hydraulic fracturing were obtained by similarity criterion, as is shown in Table 1 . For all the SHmax was 21.2 MPa, the simulations, the minimum horizontal stress (SHmin) was 20.5 MPa. The initial pore pressure was set to 16.5 MPa. The slick-water treatment is selected during the simulations, fluid rheology is 1 centipoise (cp). It is noteworthy that the simulation model is based on laboratory scale, not field scale. The reason is that because the calculation for the field scale model was too large, the computation efficiency was extremely low. The connection between the field scale and laboratory scale is due to similarity criterion [34] . 
Numerical Experiment Design
The focus of this work is on the numerical investigation of four different variable injection-rate cases, to study and compare the HF and DFN interactions, and to determine the hydraulic fracturing effectiveness and microseismic response for different variable injection-rate technology. A series of comparative studies were performed to establish the effect of variable injection-rate with the same DFN connected configuration, as shown in Figure 2f . Four fluid injection rates (0.15, 0.3, 0.6 and 1.2 mL/s) were applied to the same DFN model at different injection stage. The primary four numerical cases are as following:
Case 1 Fluid injection rate decreases, then increases, and decreases again: 1.2 mL/s Ñ 0.15 mL/s Ñ 0.6 mL/s Ñ 0.3 mL/s; Case 2 Fluid injection rate decreases, then increases, and decreases again: 0.6 mL/s Ñ 0.3 mL/s Ñ1.2 mL/s Ñ 0.15 mL/s; Case 3 Fluid injection rate monotonicallydecreases: 1.2 mL/s Ñ 0.6 mL/s Ñ 0.3 mL/s Ñ 0.15 mL/s; Case 4 Fluid injection rate monotonicallyincreases: 0.15 mL/s Ñ 0.3 mL/s Ñ 0.6 mL/s Ñ 1.2 mL/s.
For the studied case, the total injected fluid is 22.05, 12.5, 31.38, and 11.85 mL. In addition to qualitative evaluation of the simulation results, the model responses are compared in terms of a series of indices that were evaluated during injection. These indices include:
(a) Injection pressure, defined as the fluid pressure at the injection point; (b) Injection rate, defined as the fluid injection rate at different stages; (c) Stimulated total interaction area, defined as the interaction area of HF and DFN that has experienced a fluid pressure increase due to injection; and (d) Leak off ratio, defined as the total volume of fluid leaked into the DFN model and used in hydraulic fracture generation divided by the total volume of fluid injection.
Energies 2016, 9, 414 9 of 18 Figure 3 shows the progressive hydraulic fracturing process for the four variable injection-rate cases. These figures plot the relative magnitude of the pore water pressure field at each fracturing stage (e.g., for Case 1, the critical injection rates are 1.2, 0.15, 0.6 and 0.3 mL/s, respectively). From these simulators, it can be seen that interaction between HF and DFN is different with different variable injection-rate technologies. This results in the different hydraulic fracturing effectiveness, accordingly. From the results of Case 1, no fractures appear at step 5; with the increase of injection pressure at step 20, numerous fractures appear until failure of the model. From the results of Case 2, no fractures appear at step 6; with the increase of injection pressure at step 14, many fractures appear until failure of the model. We can also see that the number of fracture at step 14 is much more than in Case 1 at step 20. Figure 3 shows the progressive hydraulic fracturing process for the four variable injection-rate cases. These figures plot the relative magnitude of the pore water pressure field at each fracturing stage (e.g., for Case 1, the critical injection rates are 1.2, 0.15, 0.6 and 0.3 mL/s, respectively). From these simulators, it can be seen that interaction between HF and DFN is different with different variable injection-rate technologies. This results in the different hydraulic fracturing effectiveness, accordingly. From the results of Case 1, no fractures appear at step 5; with the increase of injection pressure at step 20, numerous fractures appear until failure of the model. From the results of Case 2, no fractures appear at step 6; with the increase of injection pressure at step 14, many fractures appear until failure of the model. We can also see that the number of fracture at step 14 is much more than in Case 1 at step 20. From Figure 3 , it can also be seen that the order of hydraulic fracturing effectiveness for the four cases is: Case 4 > Case 2 > Case 1 > Case 3. The effectiveness is the best for Case 4 and is the worst for Case 3. For Case 4, fluid injection rate monotonically increases, which leads to the strong interaction between HF and DFN. However, when fluid injection rate monotonically decreases at each state, the interaction between HF and DFN is the weakest. It was observed that the results of observation, the hydraulic fracturing effectiveness of Case 2 is not bad, and the interaction between HF and DFN From Figure 3 , it can also be seen that the order of hydraulic fracturing effectiveness for the four cases is: Case 4 > Case 2 > Case 1 > Case 3. The effectiveness is the best for Case 4 and is the worst for Case 3. For Case 4, fluid injection rate monotonically increases, which leads to the strong interaction between HF and DFN. However, when fluid injection rate monotonically decreases at each state, the interaction between HF and DFN is the weakest. It was observed that the results of observation, the hydraulic fracturing effectiveness of Case 2 is not bad, and the interaction between HF and DFN becomes stronger at step 18; at the last stage (step 30), the degree of interaction between HF and DFN has not improve much; this phenomenon shows that after step 30, the injected fluid has almost leaked into the already opened fractures. However, for Case 4, the degree of interaction between HF and DFN improves largely from steps 14-20, the injected fluid is used to generate new HF and shear stimulated DFN. The initiation and propagation of fractures is related to the degree of damage at different injection stages for the four cases.
Numerically Simulated Results and Discussion
General Observations
Numerically Simulated Results and Discussion
General Observations
Microseismic Response
With the RFPA-Flow approach, the number of failed elements and the associated energy can be recorded, which can be treated as indicators of microseismic events during fluid injection. The energy and magnitude is related to the strength of failure elements. Figure 4 shows the magnitudes of the synthetic microseismic moment and the distributions for the DFNs with for the four studied cases. It is noted that because most of the natural fractures are subjected to tensile failure, the released energy is very small, so some microseismic events cannot be recorded during hydraulic fracturing. From these results, the number of microseismic events for Case 4 is the maximum; however, for Case 3 it is the minimum; this phenomenon implies that the fracturing effectiveness is the best for Case 4. We can also see that for Case 4, with the increase of injection rate at each stage, it accumulates the most associated energy with the increase of injection step. The size of the circle indicates the magnitude of the microseismic events, the circle's diameter for Case 4 is the biggest, and this indicates that the interaction between HF and DFN is the most obvious. For Case 2, the number of microseismic events is more than Case1 and Case 3, but less than Case 4; after step 18, the injected fluid leaks into the already opened fractures. The cumulative acoustic emission (AE) number for the four models is 1048, 4221, 400, and 5403, respectively. From the results of the microseismic events, order of the hydraulic fracturing effectiveness for the studied cases is: Case 4 > Case 2 > Case 1 > Case 3. The complexity of microseismic events was consistent with field observations and suggests an intensive interaction between the created hydraulic fractures and natural fractures. So, it suggests that for the case when injection rate increases monotonically, incremental injection-rate technology has the most obvious hydraulic fracturing effectiveness. becomes stronger at step 18; at the last stage (step 30), the degree of interaction between HF and DFN has not improve much; this phenomenon shows that after step 30, the injected fluid has almost leaked into the already opened fractures. However, for Case 4, the degree of interaction between HF and DFN improves largely from steps 14-20, the injected fluid is used to generate new HF and shear stimulated DFN. The initiation and propagation of fractures is related to the degree of damage at different injection stages for the four cases.
With the RFPA-Flow approach, the number of failed elements and the associated energy can be recorded, which can be treated as indicators of microseismic events during fluid injection. The energy and magnitude is related to the strength of failure elements. Figure 4 shows the magnitudes of the synthetic microseismic moment and the distributions for the DFNs with for the four studied cases. It is noted that because most of the natural fractures are subjected to tensile failure, the released energy is very small, so some microseismic events cannot be recorded during hydraulic fracturing. From these results, the number of microseismic events for Case 4 is the maximum; however, for Case 3 it is the minimum; this phenomenon implies that the fracturing effectiveness is the best for Case 4. We can also see that for Case 4, with the increase of injection rate at each stage, it accumulates the most associated energy with the increase of injection step. The size of the circle indicates the magnitude of the microseismic events, the circle's diameter for Case 4 is the biggest, and this indicates that the interaction between HF and DFN is the most obvious. For Case 2, the number of microseismic events is more than Case1 and Case 3, but less than Case 4; after step 18, the injected fluid leaks into the already opened fractures. The cumulative acoustic emission (AE) number for the four models is 1048, 4221, 400, and 5403, respectively. From the results of the microseismic events, order of the hydraulic fracturing effectiveness for the studied cases is: Case 4 > Case 2 > Case 1 > Case 3. The complexity of microseismic events was consistent with field observations and suggests an intensive interaction between the created hydraulic fractures and natural fractures. So, it suggests that for the case when injection rate increases monotonically, incremental injection-rate technology has the most obvious hydraulic fracturing effectiveness. 
Hydraulic Fracture and Discrete Fracture Network Interaction
In Figures 3 and 4 the qualitative observations were further studied quantitatively by seeking the evolution of the HF and the DFN interaction area. As no precise criteria for defining the interaction area has been published, a criteria based on a pore pressure change was employed in this work. In this work, the interaction area corresponds to the area marked red color, which is also corresponding to a high leak off region. The pore pressure in this region is the maximum, and the interaction between hydraulic fractures and natural fractures is the most severe. Determination of the area of the "red" region is used the digital image process (DIP) method. The stimulated total interaction area can be obtained from the contour of the simulation results. Figure 5 shows the plots of injection pressure and injection rate against injection step for the studied cases. For each studied case, the pore pressure varies largely at the end of each injection stage. At the end of the fourth injection stage, pore pressure of Case 2 is at a minimum; however, it is a maximum for Case 3. These phenomenon can be interpreted that for Case 2, the injection rate is 0.15 mL/s at the last stage, and in this state, the injected fluid leaks off into the already opened fractures, the injected fluid is not used to generate new hydraulic fractures. For Case 3, although the hydraulic fracturing effectiveness is observed to be the worst from the observation (Figures 3 and 4) , the injected fluid is mostly used to drive the propagation of HF; the rock bridges block the fluid into the formations, and leaking off is a minimum for this case. These results indicate that hydraulic fracturing effectiveness is determined by the interaction of HF and DFN, the injected fluid is partly used to drive the propagation of HF and partly used to leak off into DFN to stimulate natural fractures.
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Hydraulic Fracturing Effectiveness Evaluation
In this study, two indices were selected to evaluate the hydraulic fracturing effectiveness of the fracturing network with different cases. They are the stimulated total interaction area between HF and DFN and the leakoff ratio (as mentioned above). Figure 7 shows the results of a stimulated total interaction area at each variable injection-rate stage. From the simulation results, that the total interaction area of Case 4 is the maximum, so the hydraulic fracturing effectiveness is the best. The variable injection rate technology is helpful for improving the complexity of the fracture network. The results in this paper are consistent with the results drawn by Hou et al. [22] , who studied the Figure 6 . Relationship between stimulated total interaction area and injection step for the four studied cases: (a) variation of injection rate is 1.2 mL/s Ñ 0.15 mL/s Ñ 0.6 mL/s Ñ 0.3 mL/s; (b) variation of injection rate is 0.6 mL/s Ñ 0.3 mL/s Ñ 1.2 mL/s Ñ 0.15 mL/s; (c) variation of injection rate is 1.2 mL/s Ñ 0.6 mL/s Ñ 0.3 mL/s Ñ 0.15 mL/s; and (d) variation of injection rate is 0.15 mL/s Ñ 0.3 mL/s Ñ 0.6 mL/s Ñ 1.2 mL/s).
In this study, two indices were selected to evaluate the hydraulic fracturing effectiveness of the fracturing network with different cases. They are the stimulated total interaction area between HF and DFN and the leakoff ratio (as mentioned above). Figure 7 shows the results of a stimulated total interaction area at each variable injection-rate stage. From the simulation results, that the total interaction area of Case 4 is the maximum, so the hydraulic fracturing effectiveness is the best. The variable injection rate technology is helpful for improving the complexity of the fracture network. The results in this paper are consistent with the results drawn by Hou et al. [22] , who studied the hydraulic fracture propagation behaviors in shale block using tri-axial fracturing test systems. After studying the effect of injection rate on fracturing effectiveness, he concluded that variable flow rate increases the possibility that the hydraulic fracture communicates with bedding planes and natural fractures. If the development characteristics of natural fracture in shale reservoir are well understood, variable flow rate fracturing could be attempted at proper timing [22] . In this work, at initial fracturing stages, the fracturing effectiveness for Case 4 is not obvious, and the effectiveness is poor than Cases 1-3. After the third stage, the hydraulic fracturing effectiveness for Case 4 significantly improves. The is due to the fluid injection mode; for Case 4, the injection rate is lower at the initial stage, and the internal micro-fractures gradually accumulate gradually during this process, when it reaches stage 3, the number of micro-fractures is a maximum, then the remaining injection rate increases and leads to the dynamic propagation of fractures, such as branching and turning, etc.
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where IR1, IR2, IR3, and IR4, correspond to the injection rate at each state to the studied case, respectively; Ti is the injection step. According to Equation (14) , for the studied cases, Case 4 has the minimum injected volume; however, Case 3 has the maximum injected volume. The injected volume of Case 2 is closed to Case 4, 12.5 mL versus 11.85 mL. However, after the third stage for Case 2, the injected fluid mostly leaks into the opened fractures. And more fracturing fractures cannot form in the fourth stage. Case 2 also implies that relative lower injection rates at the initial stages is helpful, and after many underfracturing points have formed in shale, and then applying high injection rate is beneficial. The combination with the analysis results above, hydraulic fracturing effectiveness of Case 4 is the best; therefore, the variable injection-rate technology of Case 4 is most suitable for hydraulic fracturing.
Mechanism of Variable Injection-Rate Technology
The variable injection-rate hydraulic fracturing technology is different from traditional technology. The injection rate is variable at different stages during hydraulic fracturing, the key point of this technology is the occasional selection of the variable injection-rate and injection-rate range. In this study, the selection of the variable occasions is according to the real time dynamic monitor of the simulators. Taking Case 4 for example, Figure 9 shows the maximum shear stress contours at different injection stages. At step 5 (Figure 10a ), some damaged points appear around the wellbore. At step 10 (Figure 10b ), the number of damaged points appears that appear around the wellbore increases to a large extent. At step 14 (Figure 10c ), the number of under-fracturing points that appear Despite the recent success in shale gas development, the cost of hydraulic fracturing treatment remains very high. Therefore, optimization of hydraulic fracture treatment design is extremely urgent. During field hydraulic fracturing, what we are concerned with most is the fluid volume injected into the shale plays; the injected volume determines the input cost. It is desirable to inject the minimum fluid volume to obtain the maximum gas production. The total injection volume injected to the DFN model is calculated as the sum of fluid volume at each state, which is expressed as below:
where IR 1 , IR 2 , IR 3 , and IR 4 , correspond to the injection rate at each state to the studied case, respectively; T i is the injection step. According to Equation (14) , for the studied cases, Case 4 has the minimum injected volume; however, Case 3 has the maximum injected volume. The injected volume of Case 2 is closed to Case 4, 12.5 mL versus 11.85 mL. However, after the third stage for Case 2, the injected fluid mostly leaks into the opened fractures. And more fracturing fractures cannot form in the fourth stage. Case 2 also implies that relative lower injection rates at the initial stages is helpful, and after many under-fracturing points have formed in shale, and then applying high injection rate is beneficial. The combination with the analysis results above, hydraulic fracturing effectiveness of Case 4 is the best; therefore, the variable injection-rate technology of Case 4 is most suitable for hydraulic fracturing.
The variable injection-rate hydraulic fracturing technology is different from traditional technology. The injection rate is variable at different stages during hydraulic fracturing, the key point of this technology is the occasional selection of the variable injection-rate and injection-rate range. In this study, the selection of the variable occasions is according to the real time dynamic monitor of the simulators. Taking Case 4 for example, Figure 9 shows the maximum shear stress contours at different injection stages. At step 5 (Figure 10a ), some damaged points appear around the wellbore. At step 10 (Figure 10b ), the number of damaged points appears that appear around the wellbore increases to a large extent. At step 14 (Figure 10c ), the number of under-fracturing points that appear around the wellbore surges. Therefore, steps 5, 10, and 14 are selected to change the injection rate, four injection stages are divided by the three different injection rates. The mechanism of the variable injection rate technology can be interpreted by a mechanical damage process of the internal elements in the DFN model. It is well-known that the brittleness of shale is high, at the initial stage, a relatively lower injection rate is used during hydraulic fracturing, water pore pressure is built and held gradually, the natural fractures around the wellbore could be damaged with the increase of pore pressure, and some damaged points are faced with failure. Before the pore pressure reaches the initiation pressure, numerous weak cemented micro-fractures appear in the shale under tensile stress. The micro-fractures may be located around the wellbore or far-away from the wellbore. The presentation of the micro-fractures influences the propagation of hydraulic fractures and the scale of the fracturing network. These micro-fractures are facing tensile and shear failure; we call these micro-fractures as the under-fracturing point. Before the initiation of HF, lots of micro-fractures have existed in shale. If the fractures are forced to branch and turn, it should have much greater energy around the location of the hydraulic fractures. Therefore, the pump pressure should be enlarged by increasing the injection rate. With the increase of injection rate, the total SRV can be obtained. The mechanism of the variable injection rate technology can be interpreted by a mechanical damage process of the internal elements in the DFN model. It is well-known that the brittleness of shale is high, at the initial stage, a relatively lower injection rate is used during hydraulic fracturing, water pore pressure is built and held gradually, the natural fractures around the wellbore could be damaged with the increase of pore pressure, and some damaged points are faced with failure. Before the pore pressure reaches the initiation pressure, numerous weak cemented micro-fractures appear in the shale under tensile stress. The micro-fractures may be located around the wellbore or far-away from the wellbore. The presentation of the micro-fractures influences the propagation of hydraulic fractures and the scale of the fracturing network. These micro-fractures are facing tensile and shear failure; we call these micro-fractures as the under-fracturing point. Before the initiation of HF, lots of micro-fractures have existed in shale. If the fractures are forced to branch and turn, it should have much greater energy around the location of the hydraulic fractures. Therefore, the pump pressure should be enlarged by increasing the injection rate. With the increase of injection rate, the total SRV can be obtained. The mechanism of the variable injection rate technology can be interpreted by a mechanical damage process of the internal elements in the DFN model. It is well-known that the brittleness of shale is high, at the initial stage, a relatively lower injection rate is used during hydraulic fracturing, water pore pressure is built and held gradually, the natural fractures around the wellbore could be damaged with the increase of pore pressure, and some damaged points are faced with failure. Before the pore pressure reaches the initiation pressure, numerous weak cemented micro-fractures appear in the shale under tensile stress. The micro-fractures may be located around the wellbore or far-away from the wellbore. The presentation of the micro-fractures influences the propagation of hydraulic fractures and the scale of the fracturing network. These micro-fractures are facing tensile and shear failure; we call these micro-fractures as the under-fracturing point. Before the initiation of HF, lots of micro-fractures have existed in shale. If the fractures are forced to branch and turn, it should have much greater energy around the location of the hydraulic fractures. Therefore, the pump pressure should be enlarged by increasing the injection rate. With the increase of injection rate, the total SRV can be obtained.
Comparison with Constant Injection Rate Technology
In this section, the constant injection-rate technology is used during hydraulic fracturing; hydraulic fracturing effectiveness is compared with the variable injection-rate cases. Using the same model (Figure 1f ), four injection rates (i.e., 0.15, 0.3, 0.6 and 1.2 mL/s) were applied to the two-dimensional DFN model, respectively. As is shown in Figure 10 , the hydraulic fracturing effectiveness for the models at constant injection rate of 0.15, 0.3 and 0.6 mL/s is worse than the variable injection-rate cases studied above. Only the constant injection rate of 1.2 mL/s has better hydraulic fracturing effectiveness than Case 3 studied above. Overall, the results of constant injection rate technology are worse than Case 4 studied above. And, the injected fluid volume of the four constant cases is 22.5, 30, 18.6 and 19.2 mL, respectively. Compared with the cases of variable injection rate simulations, volume of the constant case is greater than the fourth case of variable injection rate solution (injected volume of is 11.85 mL).
The variable injection-rate technology compared with the constant injection-rate technology indicates that it can lead to the formation of a complex fracturing network. Variable injection-rate technology not only overcomes the disadvantage of the small-pump supply, but also the fracturing fluid cannot be leaked into the shale stratum completely. This result is consistent with the studied of King [1] , Beugelsdijk et al. [9] and Nagel et al. [10] . Although low injection rate in shales have been successful in opening natural fractures, low injection rates have not been successful in developing lasing gas rates even with large fracturing volumes [18] . The pressure pulse can be formed in naturally fractured formations by the variable injection-rate technology; the natural fractures are easy to be stimulated, and interaction between shear stimulated natural fractures and hydraulic fractures result in the maximum fracturing network. For different reservoirs, the key of variable injection-rate technology is to determine the occasion of changing the injection-rate, and the range of injection-rate. Fortunately, these two problems can be solved by simulation test ahead of time.
Conclusions
In this study, the variable injection-rate technology was numerically investigated for a naturally fractured reservoir, the Tarim Basin in China. Four primary cases were conduct to study the HF and DFN interactions, propagation, microseismic response and hydraulic fracturing effectiveness. Also, another four constant injection-rate cases were conducted to compare with the variable flow rate technology. The designed numerical simulations confirm that the variable flow rate technology is expected to instruct hydraulic fracturing treatment for shale reservoirs. The main conclusions from this study are as follows:
(1) The fluid injection rate is critical to the overall response of the formation in hydraulic fracturing.
This work suggests that variable injection-rate plays a crucial role in hydraulic fracturing effectiveness for unconventional tight gas developments, and variable injection-rate will play a significant role in optimizing treating pressures, the created microseismicity and corresponding SRV, and well production. (2) The hydraulic fracturing effectiveness with variable flow rate technology is generally better than those of constant injection rate technology. Of the four studied cases, the effectiveness of the injection rate increasing at each stage is the best. (3) The mechanism of the variable injection-rate technology is the initiation of numerous underfracturing points at different injection stages, branching and accumulation of micro-fractures, and the formation of a fracturing network. At the initial stage, many damaged elements (under-fracturing points) appear around the wellbore with the increase of pore pressure.
Furthermore, the sudden increase of injection rate drives the dynamic propagation of hydraulic fractures along many branching fracturing points. (4) More natural fractures can be shearing stimulated by variable injection-rate technology, which is helpful in developing a complex fracturing network. Selecting the reasonable variable injection-rate occasion and injection-rate range is the key to this technology. However, these two problems can be solved by simulation tests.
